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The RNA-binding molecule Bicaudal-C regulates embryonic development in Drosophila and Xenopus. Interestingly, mouse mutants of
Bicaudal-C do not show early patterning defects, but instead develop polycystic kidney disease (PKD). To further investigate the molecular
mechanism of Bicaudal-C in kidney development, we analyzed its function in the developing amphibian pronephros. Bicaudal-C mRNA was
present in the epithelial structures of the Xenopus pronephros, the tubules and the duct, but not the glomus. Inhibition of the translation of
endogenous Bicaudal-C with antisense morpholino oligomers (xBic-C-MO) led to a PKD-like phenotype in Xenopus. Embryos lacking Bicaudal-
C developed generalized edemas and dilated pronephric tubules and ducts. This phenotype was caused by impaired differentiation of the
pronephros. Molecular markers specifically expressed in the late distal tubule were absent in xBic-C-MO-injected embryos. Furthermore,
Bicaudal-C was not required for primary cilia formation, an important organelle affected in PKD. These data support the idea that Bicaudal-C
functions downstream or parallel of a cilia-regulated signaling pathway. This pathway is required for terminal differentiation of the late distal
tubule of the Xenopus pronephros and regulates renal epithelial cell differentiation, which – when disrupted – results in PKD.
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The vertebrate kidney is a complex organ used to remove
metabolic waste products from the body and to conserve water,
essential electrolytes and metabolites. During kidney develop-
ment three successive renal structures of increasing complexity,
the pro-, meso- and metanephros, form from the intermediate
mesoderm via inductive processes (Saxén, 1987; Vize et al.,
2002). The nephron is the structural and functional unit for each
of these three kidney types and the differences lie in the amount
of the individual nephrons and their organization within the
kidney. Among the three kidney forms, the pronephros is the
first functional kidney in amphibians and fish. It is a much
simpler organ than the meso- or metanephric kidney and is only
present as a rudiment in higher vertebrates. It consists of three
main components, the blood-filtering glomus/glomerulus, the
pronephric tubules and the pronephric duct, which transports⁎ Corresponding author. Fax: +1 504 568 4392.
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doi:10.1016/j.ydbio.2007.04.030the wastes to the cloaca (Fig. 1D). Interestingly, the genetic
programs regulating kidney formation are evolutionarily con-
served in all vertebrates (Carroll and McMahon, 2003; Jones,
2003). Cell-type-specific transcription factors show similar
expression patterns in Xenopus, fish, mice and humans. The
simplicity of the pronephros has made it an attractive model to
study the early events in kidney development, but has also
received attention in the study of kidney diseases (Drummond,
2005; Jones, 2005). In particular, the zebrafish pronephric
kidney has been extensively used to study polycystic kidney
disease (Drummond et al., 1998; Liu et al., 2002; Otto et al.,
2003; Sun et al., 2004; Obara et al., 2006).
Polycystic kidney diseases (PKD) are characterized by the
presence of renal cysts, fluid-filled epithelial-lined cavities,
arising from the glomerulus, the renal tubules or the collecting
ducts. While single cysts are common and relatively benign,
structural abnormalities seen in clinical practice, over 70
distinct syndromes are associated with renal cysts. Among
these, PKDs are the leading causes of end-stage renal disease in
children and adults. Autosomal-dominant polycystic kidney
Fig. 1. Pronephros expression of xBic-C. (A–C) Whole mount in situ hybridization analysis of xBic-C at (A) stage 30 and (B) stage 38 showing expression in the
pronephric tubules and duct. (C) Close up of B; arrows indicate the expression of Bicaudal-C in the three nephrostomes. (D) Schematic diagram of the amphibian
pronephros. (E, F) Anterior and posterior transverse section of (B) showing xBic-C expression in the tubules and duct, respectively. (G) Double in situ hybridization
withWT-1 (purple) and xBic-C (turquoise). Note that xBic-C is expressed only in the epithelial components of the pronephros, whereasWT-1 is expressed specifically
in the glomus. Inserts in E–G are close-ups of the pronephric region highlighting the epithelium-specific expression of Bicaudal-C.
153U. Tran et al. / Developmental Biology 307 (2007) 152–164disease (ADPKD) is one of the most common single gene
disorders in humans, affecting 1 in 800 individuals in the United
States. It is characterized by massive cystic enlargement
affecting all tubular segments of both kidneys. It primarily
occurs as a result of mutations in two genes, Pkd1 and Pkd2,
which encode polycystin-1 and polycystin-2. Polycystin-1 is a
membranemechanoreceptor-like protein that formsmultiprotein
complexes at focal adhesions, cell–cell junctions, and cilia
(Hughes et al., 1995). Polycystin-2 is a calcium-permeable
cation channel that interacts with the polycystin-1 complex
(Mochizuki et al., 1996). A second type of PKD, autosomal-
recessive polycystic kidney disease (ARPKD), is less frequent (1
in 20,000), but often causes fetal or neonatal death due to
bilateral kidney enlargement, impaired lung development, and
pulmonary hypoplasia. ARPKD is primarily caused by muta-
tions in a single gene, PKHD1, which encodes the receptor-like
membrane protein Polyductin/Fibrocystin (Hildebrandt et al.,
1997; Ward et al., 2002).
The pathobiology of PKD is still poorly understood at the
cellular and molecular level. However, most of the proteins
involved in PKD are localized to the proximity of primary cilia
(Barr et al., 2001; Yoder et al., 2002a; Ward et al., 2003).
Primary cilia are found on the apical cell surface of all renal
epithelial cells except intercalated cells (Pfaller and Klima,
1976). They are characterized by 9 peripheral doublets of
microtubules, but lack the central microtubule pair (9+0
pattern) present in motile cilia (9+2 pattern). Most primary
cilia are immotile and have been thought to be vestigial.
Emerging evidence now suggests that primary cilia function as
mechanosensors of luminal flow (Nauli et al., 2003). Uponstimulation they trigger the release of intracellular calcium,
which in turn regulates proliferation and differentiation of
kidney epithelial cells. It has been suggested that mutations in
PKD genes lead to cilia dysfunction. Interestingly, primary
motile cilia have also been detected in the node of mouse and
the corresponding organs of other vertebrates, where they
regulate left–right patterning (Essner et al., 2002; McGrath et
al., 2003; Kramer-Zucker et al., 2005; Shiratori and Hamada,
2006; Schweickert et al., 2007).
Many mouse and rat models of PKD share the common
pathogenic features of the human disease such as dysregulation
of epithelial cell proliferation and differentiation, changes in the
extracellular matrix, and abnormalities in epithelial cell polarity
and transepithelial fluid transport (Guay-Woodford, 2003).
Recently, two of these PKD mouse models, bpk and jcpk, have
been shown to result from mutations in a single gene, Bicaudal-
C (Cogswell et al., 2003). The BALB/c polycystic kidney (bpk)
mutation arose spontaneously and resembles ARPKD. The
homozygous mice die at 4 weeks of age due to renal
insufficiency and display cystic dilatations of the renal collecting
duct and biliary dysgenesis (Nauta et al., 1993). The juvenile
congenital polycystic kidney (jcpk) mutation was identified in
the course of a chlorambucil mutagenesis screen (Flaherty et al.,
1995). Homozygous jcpkmutant mice die before 10 days of age
and have numerous cysts in all parts of the nephron, including
the proximal and distal tubules, collecting ducts and glomeruli.
Bicaudal-C was originally identified in a Drosophila
mutagenesis screen, as a gene in which heterozygous females
produced embryos with “double-abdomen” phenotypes (Mohler
and Wieschaus, 1986). Bicaudal-C encodes an RNA-binding
154 U. Tran et al. / Developmental Biology 307 (2007) 152–164molecule, consisting of 5 amino-terminal KH (hnRNP K
Homology) RNA-binding domains and a C-terminal protein–
protein interaction SAM (Sterile Alpha Motif) domain. We
identified the Xenopus homologue of Bicaudal-C in the course
of a screen for genes regulating early amphibian development
(Wessely and De Robertis, 2000). Whole mount in situ
hybridization showed early expression of Bicaudal-C in the
vegetal half of the Xenopus egg, later in the dorsal blastopore lip
of the late gastrula and finally in the neural tube and the
developing pronephros at tailbud stage. The mouse homologue
of Bicaudal-C is expressed in the same, as well as additional
embryonic territories (Wessely et al., 2001). Microinjection of
synthetic Bicaudal-C mRNA into Xenopus embryos induced
ectopic endoderm formation and this activity required the KH
RNA-binding domains of Bicaudal-C, but not the SAMprotein–
protein interaction domain. These data led to the hypothesis that
Bicaudal-C acts as an endodermal determinant regulating germ
layer patterning (Wessely and De Robertis, 2000).
Here, we analyzed the function of Bicaudal-C in Xenopus
pronephros development. xBic-C is expressed in the renal
epithelial cells of the amphibian pro- and mesonephros.
Microinjection of antisense morpholino oligomers against
xBic-C resulted in dilated pronephric tubules and edema
formation, likely as a result of impaired water and solute
homeostasis. This phenotype was not caused by early defects in
pronephric development, but rather by impaired differentiation
of the late distal tubule and pronephric duct. Moreover, we also
observed defects in left–right patterning, suggesting an
important role for Bicaudal-C in cilia-regulated signaling.Materials and methods
Embryo manipulations
Xenopus embryos obtained by in vitro fertilization were maintained in 0.1×
modified Barth medium (Sive et al., 2000) and staged according to Nieuwkoop
and Faber (1994). The sequences of the antisense morpholino oligomers used in
this study were 5′-TAG ACT CGC ACT GAG CCG CCA TTC T-3′ (xBic-C-
MO1), 5′-CCATTG TGC TAC TGC CGC CGC TAA C-3′ (xBic-C-MO2), 5′-
CGATTC TGC TAG TGC GGC CCC TAA C-3′ (xBic-C-MO2-scrambled) and
5′-GGC ACG AGA TGG ACA TTT TGC ATC A-3′ (xPol-MO). Antisense
morpholino oligomers were diluted to a concentration of 1 mM. xBic-C-MO1,
xBicC-MO-2 were used at a final concentration of 125 μM or 250 μM, xBic-C-
MO1+2 as the mixture of 125 μM xBic-C-MO1 and 125 μM xBic-C-MO2, the
standard control morpholino oligomer and xBicC-MO2-scrambled at 125 μM
and xPol-MO at a concentration 100 μM. For all the injections a total of 8 nl of
morpholino oligomer solution was injected radially at the 2- to 4-cell stage into
Xenopus embryos. pCS2-xBic-C* was generated by PCR mutagenesis
introducing eight nucleotide changes, so that the construct was no longer
targeted by the Bicaudal-C antisense morpholino oligomers, but was translated
into a protein with identical amino acid sequence. pCS2-Polaris was sub-cloned
from pSK-polaris (GenBank Accession Number: BJ051594) using EcoRI and
XhoI; pCS2-xBic-C-ΔKH and pCS2-xBic-C-ΔSAM were described previously
(Wessely and De Robertis, 2000). For synthetic mRNA all plasmids were
linearized with NotI and transcribed with SP6 RNA polymerase using the
mMessage mMachine® (Ambion).
Whole mount in situ hybridizations
Whole mount in situ hybridizations were performed as described at http://
www.hhmi.ucla.edu/derobertis. To generate antisense probes the plasmids werelinearized and transcribed as follows: pSK-Axonemal Dynein Heavy Chain 9
(GenBank Accession Number: BJ084882) –EcoRI/T7, pSK-xBicC (Wessely
and De Robertis, 2000) – NotI/T7, pGEM®-T-Easy-Carbonic Anhydrase II –
PstI/T7, pBC-ClC-K (Vize, 2003) – EcoRI/T7, pCMV-SPORT6-FoxJ1
(GenBank Accession Number: CA791310) – SalI/T7, pSK-GATA3 (GenBank
Accession Number: BJ067977) – EcoRI/T7, pGEM-T-HNF1β (Vignali et al.,
2000) – Asp718/T7, pCS105-Lefty (GenBank Accession Number: BP693306)
– BamHI/T7, pSP64TS-Lim-1 (Carroll et al., 1999) – XhoI/T7, pSK-β1-Na-K-
ATPase (GenBank Accession Number: BJ077182) – EcoRI/T7, pCMV-
SPORT6-xNBC1 (Zhou and Vize, 2004) – SalI/T7, pSK-NCC2 (GenBank
Accession Number: BJ076552) – EcoRI/T7, pCMV-SPORT6-Nephrin (Gen-
Bank Accession Number: BI477611) – EcoRI/T7, pSK-NKCC2 (GenBank
Accession Number: BJ037567) – SmaI/T7, pSK-Pax-2 (Carroll et al., 1999) –
XbaI/T7, pSK-Pax-8 (Carroll et al., 1999) – BamHI/T7, pCMV-SPORT6-Pitx2
(GenBank Accession Number: BC073479) – SalI/T7, pSK-polaris (GenBank
Accession Number: BJ051594) – EcoRI/T7, pCMV-SPORT6-ROMK (GenBank
Accession Number: CF522101) – EcoRI/T7, pCMV-SPORT6-xSGLT-1K (Zhou
and Vize, 2004) – SalI/T7, pSK-WT-1 (Carroll and Vize, 1996) – BamHI/T7,
pCS2-Xnr1 (Agius et al., 2000) – BamHI/T7.
Protein analysis, immunohistochemistry and histological analysis
In vitro transcription/translation was performed using the TNT® SP6
Coupled Reticulocyte Lysate System (Promega) and PRO-MIX® L-[35S] in
vitro cell labeling mix (Amersham). For immunohistochemistry, embryos were
fixed in Dent's (4:1 methanol:DMSO), embedded in paraplast, sectioned at
25 μm and stained with the monoclonal anti-acetylated α-tubulin (clone 6-11B-
1, Sigma) diluted to 1:1000 or the rabbit anti-NBC1 antibody (Schmitt et al.,
1999) diluted to 1:200. For histological staining, embryos were fixed in Bouin's
Fixative, dehydrated, embedded in paraplast, sectioned at 7 μm, dewaxed and
stained with hematoxylin and eosin.Results
Developmental expression of Bicaudal-C in the pronephros
Expression of Bicaudal-C has previously been reported in
the Xenopus pronephros (Wessely and De Robertis, 2000). To
better characterize this expression domain, whole mount in situ
hybridizations were performed. xBic-C mRNA was first
detected in the pronephros in stage 30 Xenopus embryos (Fig.
1A). At stage 38, xBic-C was observed in the nephrostomes, the
pronephric tubules and the duct (Figs. 1B, C). Transverse
sections of the stained embryos suggested that xBic-C was only
expressed in the epithelial structures of the pronephros, but not
in the vascular component, the glomus (Figs. 1E, F). This was
confirmed by double in situ hybridization using xBic-C and
Wilms Tumor-1 (WT-1), which, at stage 38, is specifically
expressed in the glomus (Carroll et al., 1999) and showed
complementary non-overlapping staining (Fig. 1G). The same
distribution of xBic-C mRNAwas observed in the mesonephros
of adult Xenopus using in situ hybridization on paraplast
sections (data not shown). Taken together these data suggest
that xBic-C expression is restricted to the renal epithelial cells.
Inhibition of xBic-C results in edema formation
In mouse, mutations in Bicaudal-C lead to polycystic
kidney disease in newborn pups (Cogswell et al., 2003). Given
that xBic-C is expressed in the developing pronephros of the
early embryo, we tested whether inhibition of xBic-C mRNA
155U. Tran et al. / Developmental Biology 307 (2007) 152–164translation in the amphibian pronephros by antisense morpho-
lino oligomers resulted in a PKD-like phenotype. Since Xeno-
pus laevis is allotetraploid, two pseudoalleles of xBic-C exist.
All the original isolates of xBic-C corresponded to one allele
(Wessely and De Robertis, 2000) and the sequence of the
second allele was identified in the public EST databases
(UniGene Cluster Xl.49139). The nucleotide sequences of both
alleles around the translational start site were too divergent to be
targeted by one antisense morpholino oligomer; therefore, two
oligomers (xBic-C-MO1, xBic-C-MO2) were designed (Fig.
2A). As shown in Fig. 2B, in vitro transcription/translation of
the approximately 105 kDa xBic-C protein was efficiently
inhibited by xBic-C-MO1. This block of translation was specific
since xBic-C-MO1 did not inhibit a construct of xBic-C mutated
in the xBic-C-MO1 recognition site (xBic-C*). When either
xBic-C-MO1, xBic-C-MO2, or a mixture of the two antisense
morpholino oligomers (xBic-C-MO1+2) was injected into 2-
cell Xenopus embryos, early development proceeded undis-
turbed, but the embryos started to develop edema at stage 42
(Figs. 2C, D and data not shown). To investigate whether this
phenotype was specific for the xBic-C antisense morpholino
oligomers, we assessed the frequency of edema formation at
stage 43 in uninjected embryos and embryos injected with aFig. 2. Inhibition of xBic-C leads to edema formation. (A) Sequence of the two pseud
oligomers are indicated. (B) In vitro transcription/translation of xBic-C in the presen
lane 4 and 5, xBic-C*-HA-pCSII. (C, D) Morphology of uninjected and xBic-C-M
formation at stage 43 of uninjected control embryos and Xenopus embryos injected r
(1 pM and 2 pM), xBic-C-MO2 (1 pM and 2 pM), and xBic-C-MO1+2 (1 pM eachstandard control morpholino oligomer, a scrambled version of
xBic-C-MO2, xBic-C-MO1 alone, xBic-C-MO2 alone and
xBic-C-MO1+2 (Fig. 2E and data not shown). Uninjected
embryos or embryos injected with the standard control
morpholino oligomer or BicC-MO2-scrambled showed negli-
gible edema formation. xBic-C-MO1 and xBic-C-MO2-injected
embryos developed edemas in 25% and 63% of the cases,
respectively, and the combination of both morpholino oligomers
resulted in about 95% edema formation. This effect of the
mixture of the two morpholino oligomers was more than
additive since microinjection of double amounts of xBic-C-
MO1 or xBic-C-MO2 alone did not result in such a high
incidence of edema formation (Fig. 2E). Based on these results
we used the mixture of the two antisense morpholino oligomers
(xBic-C-MO1+2) in the remainder of this study. We also
performed rescue experiments that are described in a later
section of the manuscript.
It has been reported that defects in the osmoregulatory
function of the pronephros lead to increased water retention and
edema formation in amphibian embryos (Howland, 1916). To
further investigate whether the phenotype of xBic-C-MO1+2-
injected embryos is caused by a defect in pronephros function or
pronephros formation, histological sections were performed atoalleles of Xenopus Bicaudal-C. The positions of the two antisense morpholino
ce or absence of xBic-C-MO1. Lane 1, pCSII; lane 2 and 3, xBic-C-HA-pCSII;
O1+2-injected embryo displaying large edema. (E) Quantification of edema
adially at the 2–4 cell stage with xBic-C-MO2-scrambled (1 pM), xBic-C-MO1
morpholino oligomer).
156 U. Tran et al. / Developmental Biology 307 (2007) 152–164two different developmental stages. At stage 45, injected em-
bryos displayed an enlarged body cavity, malformations of the
endoderm and dilated pronephric tubules (Figs. 3A, B). How-
ever, when embryos were analyzed earlier at stage 38, only
dilated pronephric tubules were observed (Figs. 3C, D). This
suggested that edema formation and the endodermal malforma-
tions were secondary to a defect in the developing pronephros.
The physical integrity of the pronephros was confirmed by
whole mount in situ hybridization using the β1 subunit of the
sodium potassium ATPase (β1-Na/K ATPase), which is
expressed in the pronephric tubules and duct (Eid and Brandli,
2001). Both uninjected control and xBicC-MO1+2-injected
embryos showed a similar expression pattern (Figs. 3E, F). The
pronephric duct is derived from the pronephric rudiment and the
rectal diverticulum, which meet and fuse around stage 38
forming a functional pronephros (Schultheiss et al., 2003). One
possible explanation for the xBic-C morpholino oligomer
phenotype was that urine could not be excreted due to defective
pronephros development. To address this hypothesis we
injected fluorescence labeled 500 kDa Dextran into the heart
of the xBic-C-MO1+2-injected embryos at stage 42 and
followed its filtration path using fluorescence microscopy. As
shown in Fig. 3G, fluorescence labeled Dextran was readily
excreted by the way of the cloaca. This suggested that a physical
barrier impairing fluid flow was not the cause of the dilated
tubules in xBic-C-MO1+2-injected embryos. Because of the
differences in tubule diameters in uninjected and injected
embryos (Figs. 3A–D), it was impossible to accurately measure
the speed of the fluid flow. Together these data suggested that,
in Xenopus, Bicaudal-C was not required to establish the
tubular structure of the pronephros, but rather played a later role
during pronephros development.Fig. 3. Bicaudal-C is not required for pronephros formation. (A–D) Histological analy
at stage 45 (A, B) and stage 38 (C, D). Note the edema and the enlarged pronephric tub
Na/K ATPase of uninjected and xBic-C-MO1+2-injected embryos. (G) Fluorescen
embryos is excreted via the pronephros. Arrow indicates the cloaca. en, endoderm;Bicaudal-C regulates differentiation of the late distal tubule
It has recently been shown that the pronephros and the
individual nephrons in the metanephric kidney share an
evolutionarily conserved proximal–distal organization (Zhou
and Vize, 2004). To address how inhibition of xBic-C translation
affects the functionality of the pronephros we decided to analyze
the expression of structural proteins along the proximal–distal
axis. Whole mount in situ hybridizations were performed on
uninjected and xBic-C-MO1+2-injected Xenopus embryos at
stage 38 using a panel of segment-specific marker genes (Fig.
4I). Expression of Nephrin, a component of the podocyte slit
diaphragm in the glomus (Gerth et al., 2005), xSGLT-1K, a
sodium glucose transporter present in the proximal tubule, and
NKCC2, a sodium potassium co-transporter in the early distal
tubule (Zhou and Vize, 2004), were not changed (Figs. 4A–C′).
The sodium bicarbonate transporter xNBC1 and carbonic
anhydrase II (CAII) are expressed in the early proximal and
the late distal element of the Xenopus pronephros regulating
acid–base balance (Zhou and Vize, 2004, 2005). In line with the
observation that loss-of-xBic-C did not change SGLT-1K
expression, the expression of xNBC1 mRNA was unchanged
in the proximal tubule as well (Figs. 4D, D′). However, neither
xNBC1 nor CAII transcripts could be detected in the late distal
element of xBic-C-MO1+2-injected embryos (Figs. 4D–E′).
ClC-K is a kidney specific chloride channel expressed in the
early and late distal tubule as well as in the pronephric duct
(Vize, 2003). In xBic-C-MO1+2-injected embryos ClC-K
mRNA expression was decreased in the area corresponding to
the late distal element at stage 38 (Figs. 4F, F′) and its entire
expression in the pronephros was greatly reduced by stage 40
(data not shown). The thiazide sensitive sodium chloride co-sis of transverse sections from uninjected and xBic-C-MO1+2-injected embryos
ules in embryos lacking xBic-C. (E, F) Whole mount in situ hybridization of β1-
ce-labeled Dextran injected into the heart of xBic-C-MO1+2-injected Xenopus
no, notochord; nt, neural tube; pn, pronephros; so, somite.
Fig. 4. Expression analysis of pronephric markers. (A–H′) Whole mount in situ hybridization analysis of uninjected control and xBic-C-MO1+2-injected embryos at
stage 38. (A, A′) Nephrin; (B, B′) xSGLT-1K; (C, C′) NKCC2; (D, D′) xNBC1; (E, E′) CAII; (F, F′) ClC-K; (G, G′) NCC; (H, H′) ROMK. (I) Schematic diagram of
the pronephric marker genes used. Arrows point to the late distal pronephric tubule, arrowheads indicate the pronephric duct.
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(Loffing and Kaissling, 2003). We identified an EST encoding
Xenopus NCC (GenBank Accession # BJ076552). Expression
analysis using single and double whole mount in situ
hybridization of NCC and NKCC2 showed that, in Xenopus,
NCC was expressed in the late distal tubule and the pronephric
duct (Fig. 4G and data not shown). Similar to ClC-K, NCC was
greatly reduced in xBic-C-MO1+2-injected embryos at stage 38
(Fig. 4G′) and completely absent later (data not shown). Thus,
this marker gene analysis demonstrated a defect in the
differentiation of the late distal tubule and the pronephric duct.
A further marker studied was the Xenopus homologue of the rat
outer medullary K+ channel (ROMK) (GenBank Accession
#CF522101), which in rat is expressed in the thick ascending
limb of the Loop of Henle and the principal cells of the cortical
collecting ducts (Boim et al., 1995). In Xenopus, ROMK is
strongly expressed in the early distal element and the pronephricduct, but only weakly in the late distal element (Fig. 4H). Upon
microinjection of xBic-C-MO1+2, ROMKwas still expressed in
the pronephros, but the gap corresponding to the decreased
expression in the late distal element was absent. Instead, ROMK
expression extended uniformly from the early distal element to
the pronephric duct (Figs. 4H, H′). To address, whether
Bicaudal-C is involved in the induction or maintenance of
these genes, the expression of the same marker genes was
assessed at earlier stages of pronephric development. Interest-
ingly, markers of the late distal tubule, xNBC1 and CAII were
not detected in xBic-C-MO1+2-injected embryos at any stage
studied (data not shown). Conversely, the molecular markers of
the pronephric duct (i.e. ClC-K and NCC) were expressed at
stage 34/35, but were lost subsequently. Taken together, this
molecular analysis suggested that Bicaudal-C is required for the
expression of terminal differentiation genes in the late distal
tubule and parts of the pronephric duct.
158 U. Tran et al. / Developmental Biology 307 (2007) 152–164Next, we wanted to identify how this defect in gene ex-
pression arose. To this end, we analyzed the expression of the
transcription factors GATA-3, HNF1β, Lim-1, Pax-2, Pax-8 and
WT-1 in early pronephric development (Figs. 5A–F′). Even
though minor differences in gene expression could be detected,
only Lim-1 was significantly changed in the xBic-C-MO1+2-
injected embryos. In uninjected embryos, as reported earlier
(Carroll et al., 1999), Lim-1 is expressed strongly in the nephro-
stomes and the pronephric duct andweakly in the tubules at stage
35. In addition, we also detected a yet unreported expression of
Lim-1 in the region corresponding to the late distal tubule (Fig.
5C). It was this expression domain that was specifically lost in
the xBic-C-MO1+2-injected embryos (Fig. 5C′).
Finally, we wanted to examine whether the observed
phenotype was specific for Bicaudal-C. Rescue experimentsFig. 5. Expression analysis of transcription factors. (A–F′) Whole mount in situ hybr
stage 35. (A, A′) GATA-3; (B, B′) HNF1β; (C, C′) Lim-1; (D, D′) Pax-2; (E, E′) Pax
upon microinjection of xBic-C-MO1+2 (indicated by arrowhead in C, C′). (G, H) R
embryos with a single injection (2 ng) of xBic-C*, xBic-C-ΔKH and xBic-C-ΔSAMm
tubule (ept) and the late distal tubule (ldt). Note that the expression of NBC1 in the la
(H) Quantification of the expression of NBC1 in the late distal tubule; black—bilatera
injected mRNA. Each of the rescue experiments was performed at least three indepby co-injection of the mutated xBic-C* together with xBic-C-
MO1 are very difficult since injection of xBic-C* mRNA results
in ectopic endoderm formation, improper gastrulation move-
ments and embryos do not survive very well (Wessely and De
Robertis, 2000). To circumvent this, we decided for the follo-
wing strategy: Xenopus embryos were injected at the 2-cell
stage radially with xBic-C-MO1+2. At the 4-cell stage, a subset
of these embryos were then injected with xBic-C* mRNA into a
single blastomere. Embryos were grown until stage 39 and
processed for whole mount in situ hybridizations. NBC1
mRNA was used as the readout for xBic-C activity. As shown
above, NBC1 expression in the late distal tubule was lost upon
injection of xBic-C-MO1+2 (Fig. 4D′). However, xBic-C*
mRNA could recover this NBC1 expression domain on the
injected side (Figs. 5G, H). It was shown in a previous studyidization analysis of uninjected control and xBic-C-MO1+2-injected embryos at
-8; (F, F′) WT-1. Note that the expression of Lim-1 in the late distal tubule is lost
escue of NBC1 expression in the late distal tubule in xBic-C-MO1+2-injected
RNA. (G) Transverse section showing expression of NBC1 in the early proximal
te distal tubule could only be detected on the side injected with xBic-C* mRNA.
l expression; white—no expression; gray—unilateral expression rescued by co-
endent times and the graph depicts the cumulative numbers of all experiments.
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of Bicaudal-C was required for its activity. In order to test
whether the same is true for its function in the pronephros, we
performed a rescue experiment using constructs lacking the
RNA-binding domain (xBic-C-ΔKH) or the protein–protein
interaction domain (xBic-C-ΔSAM). As shown in Fig. 5H, xBic-
C-ΔSAM mRNA, but not xBic-C-ΔKH mRNA could rescue
NBC1 expression in the late distal tubule. Thus, as during early
embryonic development, the RNA-binding domain is crucial for
Bicaudal-C activity in the pronephros. Taken together, these
data showed that Bicaudal-C is required for the differentiation of
the late distal tubule at the transcriptional and structural levels.
Bicaudal-C and cilia formation
Mutations in Bicaudal-C in mouse result in PKD (Cogswell
et al., 2003). One emerging theme is that PKD is caused by
structural or functional defects in primary cilia present on the
renal epithelial cells of the metanephric kidney (Nauli et al.,
2003). Therefore, we decided to address whether the loss-of-
xBic-C phenotype in Xenopus embryos is connected to cilia
function. Genes such as FoxJI, Axonemal Dynein Heavy Chain
9 (ADHC9) and Tg737/polaris are involved in the formation of
motile cilia (Yoder et al., 2002b; Gomperts et al., 2004; Kramer-
Zucker et al., 2005). In situ hybridizations of these genes at
stage 36 showed staining in the ciliated cells of the epidermis
and the nephrostomes, but no mRNA expression could be
detected in the pronephric tubules and duct (Figs. 6A–C). On
the other hand, xBic-C was expressed in the nephrostomes, but
could not be detected in the ciliated cells of the epidermis (Figs.
1A–C). Moreover, microinjection of xBic-C-MO1+2 did not
affect the expression of any of these genes (Fig. 6D and data not
shown). These data suggested that xBic-C did not regulate the
transcription of genes involved in the formation of motile cilia,
but showed some overlap with their expression.
To directly test whether xBic-C is involved with cilia
formation, paraplast sections of uninjected and xBic-C-MO1+
2-injected embryos were stained at stage 40 with a cilia marker,
anti-acetylated α-tubulin antibody (Essner et al., 2002).
Uninjected Xenopus embryos showed high expression of
acetylated tubulin in the ciliated cells of the epidermis and in
the cells surrounding the nephrostomes (Figs. 6E, F). In the
remainder of the pronephros the majority of renal epithelial cells
express about one cilium per cell (Fig. 6G and data not shown).
When comparing the uninjected and the xBic-C-MO1+2-
injected embryos, no obvious differences in the number of the
cilia were detected in any of these locations (Figs. 6E–G′).
It has been shown that loss-of-Polaris results in stunted cilia
in mouse (Yoder et al., 2002b) and pronephric cyst formation as
a consequence of impaired ciliogenesis in zebrafish (Kramer-
Zucker et al., 2005). Therefore, as a control to the Bic-C loss of
function, cilia formation in xPol-MO-injected embryos was
studied. Similar to zebrafish, Xenopus embryos lacking Polaris
protein developed edema by stage 38 (Supplemental Fig. S1).
Furthermore, xPol-MO-injected embryos displayed reduced
acetylated α-tubulin staining in the ciliated cells of the
epidermis (Figs. 6H, H′) and the nephrostomes (Figs. 6I, I′).In agreement with the expression data, which did not detect
polaris mRNA in the pronephric tubules and duct (Fig. 6C),
no differences in acetylated α-tubulin staining were seen in
these cells (Figs. 6J, J′ and data not shown).
To further strengthen this argument we directly compared the
length of individual cilia in the Xenopus pronephros. Pre-
liminary experiments in uninjected control embryos showed
that the length of the cilia was not homogenous throughout the
pronephric tubules and duct (data not shown). Thus, double
immunostaining with antibodies for NBC1 (Schmitt et al.,
1999) and acetylated α-tubulin was used to detect cilia in the
early proximal tubules. As shown in Figs. 6K, K′, no significant
differences could be observed in uninjected control and xBic-C-
MO1+2-injected embryos. Together, these data support our
observation that Bicaudal-C, in contrast to Polaris, is not
involved in cilia formation.
Discussion
Bicaudal-C and PKD
Genes involved in polycystic kidney disease (PKD) have
been successfully studied in a variety of model systems
(Drummond et al., 1998; Guay-Woodford, 2003; Sun et al.,
2004). Here we report – for the first time – that the Xenopus
pronephros can serve as an equally useful system to study PKD
pathogenesis as well as mechanisms of terminal epithelial
differentiation. Several lines of evidence demonstrate that
elimination of Bicaudal-C protein using antisense morpholino
oligomers may have resulted in a PKD-like phenotype in Xe-
nopus: (i) nearly all xBic-C-MO1+2-injected embryos devel-
oped edema (Figs. 2D, E). Since frogs constantly take up water
through the skin and in the course of feeding, large volumes of
urine have to be excreted to maintain osmotic balance. The
pronephros is essential for the control of water balance. The lack
of a functional pronephros leads to the accumulation of body
fluids in the coelomic cavity resulting in edema formation
(Howland, 1916). However, edema formation cannot be used as
the only criterion for a PKD-like phenotype. For instance, Xe-
nopus embryos microinjected with an antisense morpholino
oligomer against Wilms' Tumor Gene-1 (WT-1) developed
edema not because of defects in the pronephric duct or tubules,
but because WT-1 is required for the proper development of the
blood-filtering glomus (unpublished observations). (ii) Xeno-
pus embryos lacking Bicaudal-C displayed an increased tubule
diameter throughout the pronephric tubules and duct (Figs. 3D
and 6G′). This phenotype is reminiscent of all forms of human
PKD, which is caused by uncontrolled expansion of renal
tubules (Sutters and Germino, 2003; Wilson, 2004). (iii) No
changes in the early phases of pronephros formation could be
detected in xBic-C-MO1+ 2-injected embryos. The early
expression patterns of transcription factors regulating prone-
phros development such as GATA-3, HNF1β, pax-2, pax-8 and
WT-1 were unaltered (Figs. 5A–F′). Furthermore, the proneph-
ric rudiment and the rectal diverticulum fused in a timely
manner and formed a contiguous pronephric system (Fig. 3G).
Similarly, in PKD, individual nephrons initially develop
Fig. 6. Bicaudal-C and cilia formation. (A–D) Whole mount in situ hybridization of uninjected (A–C) or xBic-C-MO1+2-injected Xenopus embryos (D) at stage 36
using (A) FoxJ1, (B) Axonemal Dynein Heavy Chain 9 (ADHC9) and (C, D) polaris. (E–J′) Immunocytochemistry using anti-acetylated α-tubulin antibody (red) on
uninjected control, xBic-C-MO1+2 and xPol-MO-injected embryos at stage 42. (E, E′, H, H′) Ciliated cells of the epidermis; (F, F′, I, I′) cilia of the nephrostomes;
(G, G′, J, J′) individual primary cilia present on the cells of the pronephric duct. (K, K′) Immunocytochemistry using anti-acetylated α-tubulin (red) and anti-NBC1
(green) antibodies on uninjected control and xBic-C-MO1+2-injected embryos at stage 42. Images were obtained by confocal microscopy; nuclei were counterstained
with DAPI (blue).
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(Wilson, 2004).
The molecular mechanisms leading to polycystic kidney
disease are still poorly understood. Research currently focuses
on the three genes mutated in human polycystic kidney disease,
PKD1, PKD2 and PKHD1 (Sutters and Germino, 2003; Wilson,2004). However, many additional genes have been shown to
result in PKD in mouse, rat and zebrafish and these studies have
contributed significantly to a better understanding of the disease
(Guay-Woodford, 2003). Among them, the RNA-binding
molecule Bicaudal-C is the least understood and has not yet
been incorporated into the emerging picture of PKD. We
161U. Tran et al. / Developmental Biology 307 (2007) 152–164addressed the molecular mechanism underlying the PKD-like
phenotype in Xenopus embryos that lack Bicaudal-C. Interest-
ingly, preliminary data suggest that loss of Bicaudal-C as other
PKD genes also disrupts the patterning of the left–right body
axis (data not shown). One intriguing hypothesis was that
Bicaudal-C is involved in the formation/assembly of cilia since
those have been shown to be involved in PKD and left–right
patterning. However, inhibition of Bicaudal-C in Xenopus did
not change the presence or appearance of the cilia present on the
epithelial cells in the pronephros (Figs. 6E–G′, K, K′).
Similarly, electron microscopy of principal cells derived from
the collecting duct of bpk mice (carrying a hypomorphic allele
of Bicaudal-C) exhibits normal cilia (Veizis et al., 2004). Thus,
a more likely hypothesis is that the function of Bicaudal-C is
required downstream of cilia formation in regulating cilia
function. This scenario is difficult to address. Even though
ciliogenesis has been studied extensively over the past couple of
years, only few reliable read-out systems for cilia function, such
as the imaging of calcium waves caused by cilia bending, exist.
Cilia and the Xenopus pronephros
The Xenopus pronephros is a simple, non-integrated nephron
(Fig. 1D). The glomus releases the blood filtrate into the
coelomic cavity, which is then transported via the three
nephrostomes into the pronephric tubules. The cells surround-
ing the nephrostomes are multiciliated with a classical 9+2
microtubular arrangement, while the renal epithelial cells in the
pronephric tubule and duct contain one primary cilia (Mobjerg
et al., 2000; Vize et al., 2003). Interfering with the formation of
the cilia in the nephrostomes by inhibiting Polaris function
resulted in edema formation (Supplemental Fig. S1). This was
probably caused by the inability of the nephrostomes to move
the filtrate from the nephrocoelom into the pronephric tubules.
But in contrast to Bic-C-MO-1+2, injection of Pol-MO did not
measurably affect the diameter of the pronephric tubules and
duct. The anatomy of the amphibian pronephros is different
from the one of zebrafish and other teleosts, which has a
pronephros that more closely resembles a mesonephric nephron.
In zebrafish, the tubules and the glomus are closely associated;
the filtrate is directly taken up by the tubules and the function of
the nephrostomes is not required (Drummond et al., 1998).
Multi- and monociliated cells are found throughout the
pronephros to move the filtrate along, and cilia-associated
genes are expressed in the entire pronephros (Bisgrove et al.,
2005; Kramer-Zucker et al., 2005; Liu et al., 2007). As a
consequence of these anatomical differences, inhibition of
ciliogenesis in zebrafish results in the formation of cysts in the
pronephros itself and not – like in Xenopus – in edema
(Kramer-Zucker et al., 2005).
Interestingly, genes such as FoxJ1, polaris or ADHC9, all of
which have been shown to be involved in different aspects of
ciliogenesis (Yoder et al., 2002b; Gomperts et al., 2004;
Kramer-Zucker et al., 2005), displayed an almost identical
expression pattern in Xenopus. All of them were co-expressed
in the nephrostomes of the pronephros, the ciliated cells of
the epidermis, the developing pancreas and the late dorsalblastopore lip (Figs. 6A–C and data not shown). Thus, FoxJ1,
polaris and ADHC9 could be regarded as members of a cilia
synexpression group (Niehrs and Pollet, 1999). This group
probably contains many more proteins. A genomics approach in
Chlamydomonas has identified more than 250 proteins that may
be involved in ciliogenesis (Li et al., 2004). Similarly, genetic
screens in zebrafish and C. elegans have identified several of
these genes (Drummond et al., 1998; Sun et al., 2004; Barr,
2005). Cilia play an instrumental role not only in the kidney, but
also in the pancreas (Cano et al., 2004), in the establishment of
the left–right body axis (McGrath et al., 2003) and in limb
development (Haycraft et al., 2005; Huangfu and Anderson,
2005).
It is noteworthy that the expression of Bicaudal-C only
shows a partial overlap to this group of genes involved in
ciliogenesis. Bicaudal-C is expressed in the epithelial cells of
the pronephros (including nephrostomes) and the late dorsal
blastopore lip, but not in the ciliated cells of the skin (Figs. 1B,
C, 6A–C, Wessely and De Robertis, 2000 and data not shown).
In addition, no transcriptional cross-regulation between Bicau-
dal-C and cilia-associated genes could be detected. xBic-C-
MO1+2-injected embryos did not display changes in the
expression of FoxJ1, polaris and ADHC9, nor did xPol-MO
injections alter xBic-C mRNA expression (Figs. 6C, D and data
not shown). However, the loss of Bicaudal-C resulted in
phenotypes reminiscent of defects in cilia function, i.e. PKD
and defects in left–right patterning (this manuscript and unpub-
lished observations) suggesting a yet-to-be-identified connec-
tion between Bicaudal-C and cilia.
Bicaudal-C and pronephros development
The functionality of the kidney relies entirely on the proper
organization and differentiation of the individual segments
within the nephron. However, very little information is available
about the factors determining proximal–distal identities (Carroll
and McMahon, 2003). Even in mouse, only a small number of
genes such as Brn-1 and FoxI1 have been shown to have
segment-specific functions (Nakai et al., 2003; Blomqvist et al.,
2004). Furthermore, Delta/Notch pathway is the only signaling
system, which regulates proximal–distal nephron patterning
(Cheng et al., 2003, 2007; Wang et al., 2003), but has also been
shown to be necessary for the differentiation of a specific cell
type within the zebrafish pronephros, the multiciliated cells (Liu
et al., 2007).
In contrast to these genes, which show highly restricted
segment-specific expression, Bicaudal-C mRNA is not
restricted to a particular nephron segment. Instead, it can be
detected in all epithelial cells of the pronephros (Fig. 1).
Furthermore, histological analysis of the pronephros in xBic-C-
MO1+2-injected Xenopus embryos demonstrated a dilated
tubule diameter along the entire length of the pronephros (Figs.
3A–D, Figs. 6G, G′ and data not shown). This suggested that
embryos lacking Bic-C had a pronephric-wide defect. We have
addressed this scenario by analyzing the expression patterns of
an extensive list of marker genes (Figs. 4, 5 and data not
shown), but did not detect the expression of any genes altered
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changed were those specifically expressed in the late distal
tubule. Marker genes expressed in the late distal tubule such as
NBC1 and carbonic anhydrase II were completely dependent
on xBic-C. Furthermore, these changes were not limited to
functional proteins, but could be extended to the transcription
factor Lim-1. We showed that, in addition to the previously
reported expression pattern, Lim-1 was specifically expressed in
the late distal tubule and was lost in this region upon injection of
xBic-C-MO1+2 (Figs. 5C, C′). This suggested a scenario in
which xBic-C regulates the expression of Lim-1, which then in
turn is directly required for the terminal differentiation of the
late distal tubule. In Xenopus, studies using a Lim-1-Engrailed
fusion protein have shown that Lim-1 is required for the
formation of the pronephric tubules, but not the pronephric duct
(Chan et al., 2000). In mouse, Lim-1 has multiple roles during
kidney development (Kobayashi et al., 2005). A similar
scenario in frog is likely as well. Lim-1 also exhibits a dynamic
expression pattern during pronephros development (Carroll et
al., 1999). In the future, it will be very interesting to see how
Bicaudal-C regulates Lim-1 expression. This may shed some
light on how a gene expressed throughout the pronephric tubu-
les and duct can have such a segment-specific phenotype, when
eliminated.
The molecular mechanism underlying Bicaudal-C activity is
still unclear. The rescue experiments of the xBic-C-MO1+2
phenotype (Fig. 5H) indicate that the RNA-binding activity, but
not the SAM domain of Bicaudal-C is required for its function
in the pronephros. This correlates well with studies in other
organisms. In C. elegans, a close relative of Bicaudal-C, GLD-
3, binds to the cytoplasmic poly-A-polymerase, GLD-2, and
targets specific mRNAs for polyadenylation and increased
expression (Wang et al., 2002). Similarly, in Drosophila,
Bicaudal-C regulates translation of the posterior determinant
Oskar (Saffman et al., 1998). Therefore, it is likely that xBic-C
regulates localized mRNA translation and it will be very
important to identify these targets in future studies. In a first
attempt, we have analyzed a panel of transcription factors
expressed in the pronephros and have shown that the expression
of Lim-1 in the late distal tubule was lost upon inhibition of
xBic-C (Figs. 5C, C′). Another candidate is TGF-β signaling.
Earlier studies in Xenopus have shown that microinjection of
xBic-C mRNA results in ectopic endoderm formation by
modulating endogenous Nodal/Activin signaling (Wessely and
De Robertis, 2000). However, even though in mouse, TGF-β
family members are expressed in the kidney and regulate many
aspects of kidney organogenesis, they have not yet been shown
to be involved in the proximal–distal axis patterning of
individual nephrons (Oxburgh et al., 2004).
In summary, this study demonstrates that Bicaudal-C is an
important factor in the formation of a functional pronephric
kidney. It exemplifies the importance to explore kidney
development in different animal systems to understand kidney
diseases. While PKD has been intensively studied for many
years, its pathobiology at the cellular and molecular level has
only recently been the focus of intense investigation. The
amphibian pronephros will be a valuable tool in this under-taking. It should help in devising novel treatment strategies
against PKD, which are not targeted to alleviate a fully
developed disease phenotype, but rather interfere with its onset.
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